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1.0 INTRODUCTION 

An unde r s t and ing  of the f low-f ie ld  s t r u c t u r e  of a r e - e n t r y  veh ic le  
such as the Space Shuttle Orb i t e r  is  e s s e n t i a l  if h y p e r s o n i c  wind tunne l  
data ( p a r t i c u l a r l y  convect ive  hea t ing  data) a r e  to be r e l i ab ly  ex t r apo -  
la ted  to f l ight  condi t ions .  Specif ic  a r e a s  of i n t e r e s t  in the veh ic l e  flow 
f ie ld  a r e  shgck wave standoff  d i s tance ,  d i s t r ibu t ion  of f low-f ie ld  p rop -  
e r t i e s  in the inv i sc id  shock l a y e r ,  flow p r o p e r t i e s  at the edge of the  
boundary  l a y e r ,  and de ta i l s  of the b o u n d a r y - l a y e r  flow. The def in i t ion 
of flow p r o p e r t i e s  at the edge of the l a m i n a r  boundary  l a y e r  is of p a r -  
t i c u l a r  impor t ance  because  mos t  b o u n d a r y - l a y e r  t r a n s i t i o n  c o r r e l a t i o n s  
(see Ref.  1 for  example)  use  these  p r o p e r t i e s .  

The p r i m a r y  objec t ive  of the p r e s e n t  t e s t s  was the d e t e r m i n a t i o n  
of flow p r o p e r t i e s  at the edge of l a m i n a r  boundary  l a y e r s  on c u r r e n t  
Space Shuttle O r b i t e r  conf igu ra t ions .  Pi to t  p r e s s u r e ,  t o t a l - t e m p e r a t u r e ,  
and su r f ace  s t a t i c  p r e s s u r e  m e a s u r e m e n t s  were  used  with the i s e n t r o p i c  
flow r e l a t i o n s  to de r ive  these  p r o p e r t i e s .  Secondary  ol~jectives in-  
c luded obta ining i nv i sc id  shock l a y e r  f low- f i e ld  p ropez /y  d i s t r i bu t ions ,  
shock wave s tandoff  m e a s u r e m e n t s ,  and b o u n d a r y - l a y e r  flow de t a i l s .  

The t e s t s  w e r e  conducted in the Hype r son ic  Wind Tunnel  (B) of the 
yon K/rm~{n Gas Dynamics  F a c i l i t y  (VKF), at Mach number  8 us ing  
s p e c i a l l y  c o n s t r u c t e d  pitot p r e s s u r e  and t o t a l - t e m p e r a t u r e  p robes .  The 
t e s t s  were  conducted in two phases ,  des igna ted  OH9 and OH52, each 
us ing  a 0 . 0 1 7 5 - s c a l e  model  of the then  c u r r e n t  Space Shuttle Orb i t e r  
conf igura t ion .  Model angle of a t t ack  was v a r i e d  f r o m  15 to 35 deg ree s  
and Reynolds  n u m b e r s ,  b a s e d  on model  r e f e r e n c e  length,  w e r e  1.3 x '106 
and 2 . 1 x  106 . 

A c o m p l e m e n t a r y  ana ly t i c a l  s tudy was unde r t aken  to develop t e ch -  
niques to ex t r apo la t e  the p r e s e n t  b o u n d a r y - l a y e r - e d g e  m e a s u r e m e n t s  to 
f l ight  condi t ions .  This  s tudy is documented in Ref .  2. 

2.0 APPARATUS 

2.1 WIND TUNNEL 

Tunnel B is a continuous, closed-circuit, 50-in.-diam hypersonic 
tunnel having .~ach 6 and 8 axisyrnmetric contoured nozzles. With the 
Mach 8 nozzle, this tunnel can he operated over the stagnation pressure 

7 



AE DC-TR-75-5 

r a n g e  of 50 to 850 p s i a  at a m a x i m u m  s t a g n a t i o n  t e m p e r a t u r e  of 1350°R. 
The  t unne l  is e q u i p p e d  wi th  a m o d e l  i n j e c t i o n  s y s t e m  with  w h i c h  the  
m o d e l  m a y  be i n j e c t e d  and  r e t r a c t e d  wi thout  i n t e r r u p t i n g  t he  f low.  A 
d e s c r i p t i o n  of the  t u n n e l  m a y  be  found in Ref .  3. 

2.2 MODELS 

2.2.10H9-Phase 

T h e  m o d e l  u s e d  du r ing  the  OH9 p h a s e  of t e s t i n g  was  s u p p l i e d  by 
R o c k w e l l  I n t e r n a t i o n a l  and  was a 0° 0 1 7 5 - s c a l e  m o d e l  of the  Space 
Shut t le  O r b i t e r  C o n f i g u r a t i o n  139. It was  d e s i g n a t e d  as  Model  29-0 
and  is de f ined  on R o c k w e l l  Drawing  V L 7 0 - 0 0 0 1 3 9 .  Th i s  m o d e l  was  
c o n s t r u c t e d  of 15-5 s t a i n l e s s  s t e e l  and  had  no m o v a b l e  c o n t r o l  s u r f a c e s .  
The  b a s i c  c o n f i g u r a t i o n  is shown  in F i g .  10 and a p h o t o g r a p h  of the  
m o d e l  is p r e s e n t e d  in F i g .  2° T w e n t y - o n e  s t a t i c  p r e s s u r e  o r i f i c e s  
l o c a t e d  on the  l o w e r  s u r f a c e  of the  m o d e l  w e r e  m a d e  of 0 . 0 6 3 - i n .  -OD 
s t a i n l e s s  s t e e l  tub ing  which  p r o v i d e d  o r i f i c e  d i a m e t e r s  of 0 . 0 4 0  in .  
A l so  l o c a t e d  on the  l o w e r  s u r f a c e  w e r e  t h r e e  1 / 8 - i n .  C h r o r n e ~ -  
c o n s t a n t a n  s u r f a c e  t h e r m o c o u p l e  gages  wh ich  w e r e  u s e d  to r e c o r d  the  
m o d e l  s u r f a c e  t e m p e r a t u r e .  The  l o c a t i o n s  of the  s t a t i c  p r e s s u r e  
o r i f i c e s  and  s u r f a c e  t h e r m o c o u p l e s  a r e  shown  in  F i g .  3 and l i s t e d  in 
Tab le  1. 

2.2.20H52-Phase 

The OH5 2 p h a s e  m o d e l  was  a r e v i s e d  v e r s i o n  of the  OH9 m o d e l  and  
was  d e s i g n a t e d  as  291-0-Modified.  Th i s  m o d e l  is  de f ined  on  Ro'~kwell  
Drawi n g  VL70-000140Bo It was  c o n s t r u c t e d  of 15-5 s t a i n l e s s  s t e e l  and  
had  no m o v a b l e  c o n t r o l  s u r f a c e s .  The  p r i n c i p a l  c o n f i g u r a t i o n  c h a n g e s  
f r o m  the  139 c o n f i g u r a t i o n  w e r e  in n o s e  shape  and wing  i n c i d e n c e  a n g l e .  
A c o m p a r i s o n  of l o w e r  s u r f a c e  c o n t o u r s  f o r  the  two m o d e l s  is shown  in 
Fig°  4o The t w e n t y - s i x  p r e s s u r e  o r i f i c e  and  t e n  t h e r m o c o u p l e  gage  
l o c a t i o n s  on the  l o w e r  s u r f a c e  of t h i s  m o d e l  a r e  shown  in F i g .  3 and  
l i s t e d  in Tab le  2o 

2.3 INSTRUMENTATION AND MEASUREMENT PRECISION 

2.3.1 Tunnel Instrumentation 

The  T u n n e l  B s t i l l i n g  c h a m b e r  p r e s s u r e  was  m e a s u r e d  wi th  a 1000- 
p s i d  t r a n s d u c e r  r e f e r e n c e d  to a n e a r  v a c u u m .  The  e s t i m a t e d  u n c e r t a i n t y  
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of ± 0 . 2  p e r c e n t  of the  c a l i b r a t e d  r a n g e  f o r  th i s  t r a n s d u c e r  is  b a s e d  on 
p e r i o d i c  c o m p a r i s o n  wi th  a s e c o n d a r y  s t a n d a r d .  The s t i l l i n g  c h a m b e r  
t e m p e r a t u r e  was  m e a s u r e d  wi th  C h r o m e ~ - A l u m e l  ® t h e r m o c o u p l e s  
wh ich  have  a n u n c e r t a i n t y  of ±0.5  p e r c e n t .  The  f r e e - s t r e a m  Mach n u m -  
b e r  u n c e r t a i n t y  is  ±0.30 p e r c e n t  of the  c a l i b r a t e d  Mach  n u m b e r  fo r  the  
Mach 8 n o z z l e .  The  u n c e r t a i n t i e s  of the  f r e e - s t r e a m  p r o p e r t i e s  w e r e  
e s t i m a t e d  by m e a n s  of the  T a y l o r  s e r i e s  m e t h o d  of e r r o r  p r o p a g a t i o n .  

U n c e r t a i n t i e s ,  ± P e r c e n t  

M® Po To P® T® Po q® 

0.3 0.8 0.5 2.1 0.8 1.5 1.5 

R e / f t  

1.4 

2.3.2 Model Surface Data 

The mode l  s u r f a c e  p r e s s u r e s  w e r e  m e a s u r e d  wi th  1 - p s i d  t r a n s -  
d u c e r s  wi th  an  u n c e r t a i n t y  of ±1 p e r c e n t .  Us ing  the  T a y l o r  s e r i e s  
m e t h o d  of e r r o r  p r o p a g a t i o n  wi th  t h i s  and the  Po u n c e r t a i n t y ,  the  un-  
c e r t a i n t y  of p m / P o  is  1 .8  p e r c e n t .  

The  mode l  s u r f a c e  t e m p e r a t u r e s  w e r e  m e a s u r e d  wi th  C h r o m e l -  
c o n s t a n t a n  c o a x i a l  s u r f a c e  t h e r m o c o u p l e  g a g e s .  P r e c i s i o n  of the  
t h e r m o c o u p l e  m e a s u r e m e n t s  is  e s t i m a t e d  to be ±3°R c o n s i d e r i n g  w i r e  
and i n s t r u m e n t  u n c e r t a i n t i e s .  

2.3.3 Flow-Field Survey Systems 

The f l o w - f i e l d  s u r v e y s  w e r e  p e r f o r m e d  wi th  a 4 - d e g r e e - o f - f r e e d o m  
r e m o t e  d r i ve  m e c h a n i s m .  T h i s  s y s t e m  p o s i t i o n e d  the  p r o b e s  o v e r  the  
s t a t i o n s  to be s u r v e y e d  and p i t ched  the s u r v e y  d r ive  ax i s ,  Zp, s u c h  tha t  
the  s u r v e y  would be m a d e  as  n e a r l y  n o r m a l  to the  m o d e l  c e n t e r l i n e  as  
p o s s i b l e .  The  p robe  p i tch  d r ive  was  l i m i t e d  to 29 deg; t h e r e f o r e ,  s u r -  
v e y s  m a d e  f o r  m o d e l  a n g l e s  of a t t a c k  of 30 and 35 deg w e r e  s l i g h t l y  off 
the  n o r m a l .  The  s u r v e y  s t a t i o n s  w e r e  l o c a t e d  wi th in  0 .1  inch  of the  
s u r f a c e  p r e s s u r e  o r i f i c e  u s e d  to r e d u c e  the  data ,  and the  p r e c i s i o n  of 
the  p robe  t r a n s l a t i o n  was  e s t i m a t e d  to be ±0 .003  i n c h e s .  

The  pi tot  p r e s s u r e  p r o b e s  w e r e  c o n n e c t e d  to 15 -ps id  t r a n s d u c e r s  
wh ich  w e r e  c a l i b r a t e d  fo r  a 5 - p s i d  r a n g e .  F o r  t h i s  r a n g e ,  t h e s e  t r a n s -  
d u c e r s  have  an  u n c e r t a i n t y  of ±0.01 p s i a .  

9 



AE DC-TR-75-5 

2 .3 .40H9-Phese  Probes 

Because  of l im i t ed  v e r t i c a l  dr ive ,  two d i f fe ren t  length  probe  sup-  
por t s  (Fig .  5) were  r e q u i r e d  to cove r  the ten  model  s u r v e y  s t a t i ons  
dur ing the OH9 phase  of t e s t i ng .  Each  of t hese  f low- f i e ld  s u r v e y  probe 
suppor t s  had two C h r o m e l - A l u m e l ,  unsh ie lded ,  t o t a l - t e m p e r a t u r e  
p robes  pos i t ioned  outboard of the lower  of two pitot p robes .  T e m p e r a -  
tu re  probe TT 2 was 0.010 in. in d i a m e t e r  and was used  as  the p r i m a r y  
i n s t r u m e n t .  P robe  TT 1 was 0 .020 in. in d i a m e t e r  and was c o n s i d e r e d  
as a backup for  TT 2. P r o b e s  s i m i l a r  to TT 1 and TT2, p r e v i o u s l y  
t e s t e d  in Tunnel  B, exhibi ted  a f r e e - s t r e a m  r e c o v e r y  fac to r ,  T T / T o ,  
of about 0 . 9 .  

The lower  pitot probe,  PPl ,  was c o n s t r u c t e d  of 0. 0 2 0 - i n . - O D  
tubing t a p e r e d  to 0 .014  in.  at the  t ip and had an ins ide  d i a m e t e r  of 
0 .010 in. This  s m a l l  tubing was used  to m i n i m i z e  the flow d i s t u rb -  
ances  and improve  the data r e so lu t ion  in the model  boundary  l a y e r .  
The o the r  pitot probe,  PP2, was loca ted  about 1.0 in. above PPl and 
was c o n s t r u c t e d  of 0. 093- in .  -OD tubing.  

2.3 .50H52-Phase Probes 

A s ing le  probe suppor t  was used  dur ing the OH52 phase  of t e s t i n g  
(Fig .  6). The t e m p e r a t u r e  probe ,  TT1, and the lower  pitot probe ,  PPl ,  

were  s i m i l a r  to the c o r r e s p o n d i n g  p robes  of the OH9 phase .  P robe  PP2 
was loca ted  0 .584  in. above PPl and c o n s t r u c t e d  of 0 . 0 9 3 - i n . - O D  tubing,  
f l a t t ened  at the t ip  to a height  of 0 .052 in.  

The u n c e r t a i n t y  of the b o u n d a r y - l a y e r  t h i c k n e s s e s  de r ived  f r o m  the 
t o t a l - t e m p e r a t u r e  p ro f i l e s  is e s t i m a t e d  to have  been i 0 .  006 in.  based  
on data r e p e a t a b i l i t y  and s m o o t h n e s s .  S i m i l a r l y ,  the b o u n d a r y - l a y e r -  
edge Mach number  u n c e r t a i n t y  is e s t i m a t e d  to be iO. 07. 

3.0 PROCEDURE 

3.1 TEST PROCEDURE 

When inves t iga t ing  the flow f ie ld  of a conf igura t ion  such as the  
Shuttle O r b i t e r  which may  have ve loc i ty  g r ad i en t s  at the b o u n d a r y -  
l a y e r  edge, the b o u n d a r y - l a y e r  t h i c k n e s s  can bes t  be d e t e r m i n e d  f r o m  
the t o t a l - t e m p e r a t u r e  p r o f i l e s .  The ex i s t ence  of ve loc i ty  g r a d i e n t s  in 
the inv i sc id  shock l a y e r  does not a l t e r  the ad iaba t ic  na tu re  of the  flow, 
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h e n c e ,  the  t o t a l  t e m p e r a t u r e  r e m a i n s  c o n s t a n t  t h r o u g h  the  f low f i e ld  
un t i l  the  b o u n d a r y  l a y e r  is r e a c h e d .  When  the  e f fec t  of v i s c o u s  d i s -  
s ipa~ion b e c o m e s  s ign i f i can t ,  i . e . ,  when  the  b o u n d a r y  l a y e r  is e n t e r e d ,  
the  to ta l  t e m p e r a t u r e  d e c r e a s e s .  At the  m o d e l  s u r f a c e  the  to t a l  t e m -  
p e r a t u r e  is ,  of c o u r s e ,  equa l  to the  m o d e l  t e m p e r a t u r e .  The  m a g n i -  
tude  of the  t o t a l - t e m p e r a t u r e  i n f l ec t i on  at the  b o u n d a r y - l a y e r  edge  is 
e n h a n c e d  by l o w e r i n g  the  m o d e l  wal l  t e m p e r a t u r e ,  so  du r ing  the  t e s t s  
s e v e r a l  m e a s u r e s  w e r e  u s e d  to m i n i m i z e  m o d e l  wal l  t e m p e r a t u r e .  

To obta in  m i n i m u m  wal l  t e m p e r a t u r e  f l o w - f i e l d  s u r v e y s ,  the  
in i t i a l  m o d e l  s u r f a c e  t e m p e r a t u r e  a n d  the  t i m e  of a e r o d y n a m i c  h e a t i n g  
of the  m o d e l  w e r e  c o n t r o l l e d .  The m o d e l ,  t h e r e f o r e ,  was  r e t r a c t e d  
f r o m  the  t u n n e l  f low b e t w e e n  s u r v e y s  and c o o l e d  to about  530°R wi th  
a i r  j e t s .  Dur ing  th i s  t i m e ,  the  p r o b e s  w e r e  p o s i t i o n e d  in the  t e s t  
s e c t i o n  to a p r e d e t e r m i n e d  l o c a t i o n  f o r  the  next  s u r v e y .  The  m o d e l  
was  t h e n  i n j e c t e d  into the  t u n n e l  and the  s u r v e y  was  i n i t i a t e d  by d r i v i n g  
the  p r o b e s  t o w a r d  the  m o d e l  s u r f a c e .  When  the  l o w e r  p i to t  p r o b e  ap -  
p r o a c h e d  the  v i c in i t y  of the  m o d e l  b o u n d a r y  l a y e r  w h e r e  a h igh  pi to t  
p r e s s u r e  g r a d i e n t  was  e n c o u n t e r e d ,  the  data  w e r e  r e c o r d e d  in a d r i v e -  
p a u s e  m a n n e r  to a c c o m m o d a t e  the  l o n g e r  p r e s s u r e  s t a b i l i z a t i o n  t i m e  
in t h i s  r e g i o n .  When  the  l o w e r  pi tot  p r o b e  m a d e  con tac t  wi th  the  m o d e l  
s u r f a c e  an e l e c t r i c a l  foul  c i r c u i t  was  t r i g g e r e d ,  r e c o r d i n g  the  f ina l  
s u r v e y  data  point  and e s t a b l i s h i n g  the  p r o b e  he igh t  z e r o .  An a d d i t i o n a l  
data  point  was  t a k e n  a f t e r  t he  pi tot  p r e s s u r e  had  c o m p l e t e l y  s t a b i l i z e d .  
A f t e r  d r i v ing  the  p r o b e s  c l e a r ,  the  m o d e l  was  r e t r a c t e d  f r o m  the  t u n n e l  
f o r  coo l ing  and the  c y c l e  r e p e a t e d  f o r  the  next  run .  

The  m o d e l  s u r f a c e  p r e s s u r e  data w e r e  o b t a i n e d  i n d e p e n d e n t l y  of 
the  f l o w - f i e l d  s u r v e y  data .  

3.2 TEST CONDITIONS 

The  t e s t s  w e r e  c o n d u c t e d  at a n o m i n a l  f r e e - s t r e a m  1M_ach n u m b e r  
of 8 at a t unne l  s t i l l i n g  c h a m b e r  t e m p e r a t u r e  of 1340°R. 
c o n d i t i o n s  w e r e  as fo l lows:  

The  o t h e r  t e s t  

N o m i n a l  T e s t  Conditions 
R e / i t  

N/~ Po'  p s i a  p®, p s i a  T , ,  °R q~, p s i a  x 10 -6 

7 .92  150 0 .016  99 0 . 7 2  0 .7  
7 .95  250 0 .027  98 1 .18  1 .1  

T e s t  s u m m a r i e s  a r e  g i v e n  in Tab le  3. 
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3.3 DATA REDUCTION 

The  s u r v e y  h e i g h t s  f o r  the  p r o b e s  w e r e  c o m p u t e d  u s i n g  t he  g e o -  
m e t r i c  c e n t e r  of e a c h  p r o b e  and the  r e l a t i v e  p o s i t i o n  of t he  p r o b e s .  
The  z e r o  p r o b e  he igh t  point ,  o b t a i n e d  when  the  l o w e r  pi tot  p r o b e  (ppl)  
m a d e  e l e c t r i c a l  con tac t  wi th  the  m o d e l ,  was  u s e d  to r e f e r e n c e  al l  
p r o b e  h e i g h t s  to the  m o d e l  s u r f a c e .  

S ince  the  t o t a l - t e m p e r a t u r e  p r o b e s  w e r e  u n s h i e l d e d ,  t h e r e  was  a 
r a d i a t i o n  l o s s  a s s o c i a t e d  wi th  e a c h  m e a s u r e m e n t .  In the  i n v i s c i d  s h o c k  
l a y e r  th i s  l o s s  was  about 5 p e r c e n t .  Sirice it did not a f fec t  the  de f in i t i on  
of the  b o u n d a r y - l a y e r  edge ,  no r a d i a t i o n  l o s s  c o r r e c t i o n s  w e r e  a p p l i e d  
to the  data .  H o w e v e r ,  if c o m p a r i s o n s  a r e  m a d e  wi th  c a l c u l a t i o n s  o r  
quan t i t i e s  a r e  d e r i v e d  u s ing  t h e s e  t o t a l - t e m p e r a t u r e  m e a s u r e m e n t s ,  a 
c o r r e c t i o n  s h o u l d  be a p p l i e d .  The  s i m p l e s t  c o r r e c t i o n  is  to s e l e c t  a : 
po in t  e x t e r i o r  to the  b o u n d a r y  l a y e r  and ob ta in  a c o r r e c t i o n  f a c t o r  by 
s e t t i n g  T T / T  o equa l  to 1.0 at t h i s  po in t .  The  r e s t  of the  r e a d i n g s  
would  t h e n  be m u l t i p l i e d  by the  c o r r e c t i o n  f a c t o r .  

In sp i t e  of the  e f fo r t s  to r e d u c e  pi to t  p r e s s u r e  s t a b i l i z a t i o n  e r r o r  
as  m e n t i o n e d  p r e v i o u s l y ,  s i g n i f i c a n t  e r r o r s  w e r e  s u s p e c t e d ,  p a r t i c u -  
l a r l y  in the  i n t e r i o r  of the  b o u n d a r y  l a y e r .  To quant i fy  e r r o r  e s t i m a t e s ,  
c a l c u l a t i o n s  w e r e  m a d e  u s ing  a p r e s s u r e  s t a b i l i z a t i o n  c o m p u t e r  p r o -  
g r a m .  The  r e s u l t s  i n d i c a t e d  an e r r o r  i n c r e a s i n g  f r o m  about  2.5 p e r c e n t  
at the  b o u n d a r y - l a y e r  edge  to about  30 p e r c e n t  at t he  m o d e l  s u r f a c e .  A 
g r a p h i c a l  p r e s e n t a t i o n  of t h i s  r e s u l t  w i l l  be  d i s c u s s e d  in a s u b s e q u e n t  
s e c t i o n .  

The  b o u n d a r y - l a y e r  t h i c k n e s s ,  6, was  d e t e r m i n e d  f r o m  the  t o t a l -  
t e m p e r a t u r e  p r o f i l e  by s e l e c t i n g  the  point  at w h i c h  the  m e a s u r e d  va lue  
was 0. 995 of the  m a x i m u m  m e a s u r e d  va lue .  The  m e a s u r e d  pi tot  p r e s -  
s u r e  at t h i s  point  and the  c o r r e s p o n d i n g  m o d e l  s u r f a c e  p r e s s u r e  w e r e  
t h e n  u s e d  to d e t e r m i n e  the  b o u n d a r y - l a y e r - e d g e  ~-VIach n u m b e r .  The  
o t h e r  edge  c o n d i t i o n s  w e r e  c o m p u t e d  u s i n g  the  IVIach n u m b e r  and  the  
i s e n t r o p i c  f low r e l a t i o n s  g iven  in Append ix  A. The  c o m p u t e d  edge  
c o n d i t i o n s  a r e  s u m m a r i z e d  in T a b l e s  4 and 5. 

,Note tha t  the  p r e s e n t  b o u n d a r y - l a y e r - e d g e  c o n d i t i o n s  d e p e n d  on the  
va lue  of t o t a l - t e m p e r a t u r e  r a t i o  u s e d  in the  de f in i t i on .  F o r  e x a m p l e ,  
va lue s  of 0 .99  o r  0. 999 t i m e s  the  m a x i m u m  m e a s u r e d  t o t a l  t e m p e r a t u r e  
cou ld  have  b e e n  u s e d  to def ine  6. H o w e v e r ,  the  edge  v a l u e s  o b t a i n e d  
a r e  c o n s i s t e n t  and  a r e  c o m p a r a b l e  to n u m e r i c a l  r e s u l t s  such  as  t h o s e  
of Ref .  2 w h e r e  the  b o u n d a r y - l a y e r  edge  was  s i m i l a r l y  d e f i n e d .  

12 
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4.0 RESULTS AND DISCUSSION 

4.1 STATIC PRESSURE 

Model  c e n t e r l i n e  s t a t i c  p r e s s u r e  m e a s u r e m e n t s  f r o m  the  139 and 
140B c o n f i g u r a t i o n s  a r e  c o m p a r e d  in F i g .  7. The  two s e t s  of m e a -  
s u r e m e n t s  a r e  in good a g r e e m e n t  f o r  X / L  v a l u e s  l e s s  than  o r  equa l  to 
0 . 8  and d i v e r g e  at l a r g e r  v a l u e s .  T h e s e  r e s u l t s  a r e  c o n s i s t e n t  wi th  
the  l oca l  body s u r f a c e  c o n t o u r s  shown in F i g .  4. 

Also  shown in F i g .  7 a r e  m o d i f i e d  Newton ian  and t angen t  cone  
c a l c u l a t i o n s  fo r  the  139 c o n f i g u r a t i o n .  The  data  g e n e r a l l y  fa l l  b e t w e e n  
the  two s e t s  of c a l c u l a t e d  va lue s  wh ich  is c o n s i s t e n t  wi th  data f r o m  
s i m i l a r ' c o n f i g u r a t i o n s  ( see  Ref .  4 f o r  e x a m p l e ) .  

Spanwise  s t a t i c  p r e s s u r e  m e a s u r e m e n t s  f r o m  the  139 c o n f i g u r a -  
t ion  at an X / L  va lue  of 0 . 8  and 30 -deg  ang le  of a t t ack  a r e  c o m p a r e d  
wi th  c a l c u l a t i o n s  us ing  t h r e e  m e t h o d s  in F i g .  8. The  m e a s u r e m e n t s  
r i s e  f r o m  a g r e e m e n t  wi th  the  t angen t  cone  va lue  n e a r  the  c e n t e r l i n e  
to a g r e e m e n t  wi th  t angen t  wedge  v a l u e s  at the  m o s t  o u t b o a r d  m e a s u r e -  
m e n t  s t a t i o n .  

A s u m m a r y  of wing s t a t i c  p r e s s u r e  m e a s u r e m e n t s  is  s h o w n  in 
F i g .  9 a long wi th  c a l c u l a t e d  v a l u e s  fo r  2Y/B = 0 . 6 .  C a l c u l a t e d  v a l u e s  
fo r  the  o t h e r  s p a n w i s e  s t a t i o n s  a r e  not s i g n i f i c a n t l y  d i f f e r e n t  and a r e  
not shown .  Once again ,  the  t r e n d  of i n c r e a s i n g  p r e s s u r e  wi th  s p a n w i s e  
d i s t a n c e  can  be s e e n .  

4.2 PITOT PRESSURE AND TOTAL-TEMPERATURE PROFILES 

A t y p i ca l  pi tot  pressure p r o f i l e  f r o m  the  139 c o n f i g u r a t i o n  is  shown  
in F i g .  10. The  bow shock  is l o c a t e d  about one  inch  f r o m  the  m o d e l  
s u r f a c e .  The pi tot  p r e s s u r e  p ro f i l e  is s m o o t h  f r o m  the  s h o c k  to the  
m o d e l  s u r f a c e  wi th  no e v i d e n c e  of the  b o u n d a r y - l a y e r - e d g e  l o c a t i o n .  

The  t o t a l - t e m p e r a t u r e  p r o f i l e  c o r r e s p o n d i n g  to  the  p i to t  p r e s s u r e  
p ro f i l e  of F i g .  10 is shown in F i g .  11. In c o n t r a s t  to the  p i to t  p r e s s u r e  
p r o f i l e ,  the  v i c in i t y  of the  b o u n d a r y - l a y e r  edge  can  be e a s i l y  s e e n  as 
the  a r e a  w h e r e  the  to ta l  t e m p e r a t u r e  r a p i d l y  d e c r e a s e s .  The  t h e o r e t i c a l  
a s p e c t s  of u s ing  t o t a l - t e m p e r a t u r e  o r  t o t a l  en tha lpy  p r o f i l e s  to de f ine  
b o u n d a r y - l a y e r - e d g e  cond i t i ons  a r e  d i s c u s s e d  in Ref .  2. The  p r e s e n t  
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defini t ion of the b o u n d a r y - l a y e r  edge (6) is the point where  T T ~ T T m a  x = 
0. 995 as  d i scussed  in Section 3 .3 .  

In the p r e s e n t  t e s t s ,  the pitot  probe d i a m e t e r  was not n e c e s s a r i l y  
negl ib le  with r e spec t  to b o u n d a r y - l a y e r  t h i cknes s ,  hence,  p robe  i n t e r -  
f e r e n c e  with the boundary  l a y e r  might  be suspec ted .  Monaghan (Ref. 
5) d i s cus se s  t h r ee  types  of p rof i l e  d i s to r t ions  that  may  occu r  ff the 
pitot  probe is too l a r g e .  They a re  as fol lows:  

(1) A peak in the prof i le  at the ou te r  edge of the boundary  
l aye r ,  

(2) A d i sp lacemen t  of the ma in  body of the p rof i l e ,  and 

(3) A d i s to r t ion  of the p rof i l e  n e a r  the wal l .  

The mos t  impor t an t  potent ia l  effect  with r e s p e c t  to p r e s e n t  data 
was the p rof i l e  peak at the edge of the  boundary  l a y e r  s ince  bounda ry -  
l a y e r - e d g e  p r o p e r t i e s  were  the p r i m a r y  ob jec t ive .  Galezowski  (Ref.  
6) s tudied  the effect  of c i r c u l a r  pitot probe  d i a m e t e r  on b o u n d a r y - l a y e r  
p ro f i l e s  and found that  if the probe d i a m e t e r - t o - b o u n d a r y - l a y e r  t h i ck -  
nes s  r a t io  was l e s s  than  0 .29 ,  no p rof i l e  peak (or d is tor t ion)  o c c u r r e d  
at the b o u n d a r y - l a y e r  edge.  

An e n l a r g e m e n t  of the pitot p r e s s u r e  r a t io  p rof i l e  f o r  the r eg ion  
n e a r  the model  su r face  f r o m  F ig .  10 is shown in F ig .  12. In th is  case  
the probe . d i a m e t e r - t o - b o u n d a r y - l a y e r  t h i cknes s  r a t i o  was 0 .21  which,  
accord ing  to Ga~ezowski c r i t e r i o n ,  should be adequate  to avoid p ro f i l e  
peaking at the b o u n d a r y - l a y e r  edge.  Examina t ion  of F ig .  12 ind ica tes  
that  th is  is indeed the ca se .  In t h r e e  cen t e r l i ne  s u r v e y s  the probe  
d i a m e t e r - t o - b o u n d a r y - l a y e r  th i ckness  did exceed 0 .29 by a s m a l l  
amount ,  but no p rof i l e  peaking was noted.  

The prof i le  d i sp lacement  effect  noted above r e s u l t s  f r o m  the e f fec-  
t ive c e n t e r  of p r e s s u r e  being shi f ted  f r o m  the g e o m e t r i c  c e n t e r  of the 
p robe .  Re fe rence  5 s t a t es  that  th is  effect  is p robab ly  quite s m a l l  iri 
s up e r son i c  boundary  l a y e r s .  

P ro f i l e  d i s to r t ion  n e a r  a model  su r f ace  is p robab ly  r e l a t e d  to a 
loca l  t h r e e - d i m e n s i o n a l  s e p a r a t i o n  in the v ic in i ty  of the probe t ip as 
d i s cus sed  in Ref.  7. In Ref.  7 it was sugges ted  that  p rof i l e  data,  at 
points  where  the probe wall  s e p a r a t i o n  d is tance  is  on the o r d e r  of the 
probe  d i ame te r ,  should probably  be d i s r e g a r d e d .  The r eg ion  of pos -  
s ib le  probe  wal l  i n t e r f e r e n c e  is shown in F ig .  12. 
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Also  shown in F i g .  12 is the  e s t i m a t e  of the  t r u e  pi tot  p r e s s u r e  
p ro f i l e  b a s e d  on p r e s s u r e  s t a b i l i z a t i o n  c a l c u l a t i o n s  as  d i s c u s s e d  in 
Sec t ion  3 .3 .  The va l id i ty  of th i s  e s t i m a t e  is  c o n f i r m e d  s i n c e  it a g r e e s  
wi th  the  s t a b i l i z e d  point  wi th  the  p r o b e  on the  m o d e l  s u r f a c e  ( s e e  
Sec t ion  3 .1 ) .  

A c o m p a r i s o n  of c e n t e r l i n e  pi tot  p r e s s u r e  p r o f i l e s  f o r  139 and 140B 
c o n f i g u r a t i o n s  at an X / L  va lue  of 0 .5  and 30 -deg  ang le  of a t t a ck  is  shown  
in F i g .  13. D i f f e r e n c e s  a r e  s m a l l  as e x p e c t e d  s i n c e  body p r o f i l e  dif-  
f e r e n c e s  a r e  s m a l l  (F ig .  4). 

O f f - c e n t e r l i n e  pi tot  p r e s s u r e  p r o f i l e s  f r o m  the  140B c o n f i g u r a t i o n  
at v a l u e s  of 2Y/B of 0 . 4  and l e s s  w e r e  s i m i l a r  in n a t u r e  to the  c e n t e r -  
l ine  p r o f i l e s .  P r o f i l e s  at 2Y/B g r e a t e r  than  0 . 4  w e r e  c o n s i d e r a b l y  
d i f f e r e n t  as can  be s e e n  f r o m  t h r e e  e x a m p l e s  in F i g .  14. T h e s e  p r o -  
f i l e s  a r e  i r r e g u l a r ,  p e r h a p s  i nd i ca t i ng  the  p r e s e n c e  of s h o c k s  and 
e x p a n s i o n s  in the  f low f i e l d .  

The  t h i n n e s t  b o u n d a r y - l a y e r  m e a s u r e m e n t  r e c o r d e d  was  0. 030 tn .  
at a 2Y/B = 0 .6  and X / L  = 0 . 7 5 .  The  p r o b e  d i a m e t e r - t o - b o u n d a r y -  
l a y e r  t h i c k n e s s  r a t i o  in t h i s  c a s e  was  0 . 4 7 ,  but only a s m a l l  o v e r s h o o t  
in pi tot  p r e s s u r e  at t he  edge  of t h e  b o u n d a r y  l a y e r  was  n o t e d .  

4.3 BOUNDARY-LAYER THICKNESS 

C e n t e r l i n e  b o u n d a r y - l a y e r  t h i c k n e s s  m e a s u r e m e n t s  f r o m  the  139 
c o n f i g u r a t i o n  a r e  shown in F i g .  15. A t r e n d  of d e c r e a s i n g  t h i c k n e s s  
wi th  i n c r e a s i n g  angle  of a t t ack  can  be s e e n .  The  r a p i d  t h i c k e n i n g  of 
the  b o u n d a r y  l a y e r  n e a r  the  aft end  of the  v e h i c l e  is a t t r i b u t e d  to the  
c o m b i n e d  e f f ec t s  of f low e x p a n s i o n  ( see  F i g s .  4 and 7) and t h r e e -  
d i m e n s i o n a l  f low c o n v e r g e n c e  in th i s  r e g i o n .  C e n t e r l i n e  b o u n d a r y -  
l a y e r  t h i c k n e s s e s  f r o m  the  139 and 140B c o n f i g u r a t i o n s  a r e  c o m p a r e d  in 
F i g .  16. The  140B r e s u l t s  i n d i c a t e d  a s l i gh t l y  t h i c k e r  b o u n d a r y  l a y e r .  

Spanwise distribution of boundary-layer thickness at an X/L of 0.8 
for the 140B configuration is shown in Fig. 17. A rapid decrease in 
thickness is noted in the region between 2Y/B values of 0.4 to 0.6. 
This decrease may be related to a dramatic change in pitot pressure 
profiles between the two areas (compare Figs. 13 and 14). An oil-flow 
photograph of the 139 configuration from another test is shown in Fig. 
18. Two streaks are noted in the region between 2Y/B values of 0.4 
and 0.6. These streaks are in the area of the bow shock/wing inter- 
action and apparently depict the transition from body-dominated flow to 
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that  suppor ted  by the ou te r  por t ion  of the wing.  Thus,  the  bounda ry -  
l a y e r  th inning in th is  a r e a  is a t t r ibu ted  to the t r a n s i t i o n  f r o m  body to 
ou te r -wing  flow. 

4A BOUNDARY-LAYER-EDGE MACH NUMBER 

An i l l u s t r a t i o n  of a blunt body flow f ie ld  typ ica l  of that  found on the 
Space Shuttle lower  su r f ace  is shown in F ig .  19. The p a r a m e t e r  con-  
t r o l l i ng  loca l  b o u n d a r y - l a y e r - e d g e  condi t ions  is the  shock-wave  angle at 
which the loca l  s t r e a m l i n e  en te r ing  the boundary  l a y e r  c r o s s e d  the  shock .  
The l imi t ing  va lues  of shock c r o s s i n g  angle a r e  then the n o r m a l  shock  
p r e sen t  at the nose  and the oblique shock angle p e r p e n d i c u l a r  to the  point 
under  c o n s i d e r a t i o n .  

A c o m p a r i s o n  of c en t e r l i ne  b o u n d a r y - l a y e r - e d g e  1VIach n u m b e r ' f r o m  
the 139 conf igura t ion  and ca lcu la ted  values  based  on the shock  angle 
l im i t s  a r e  shown in F ig .  20. The ca lcu la ted  va lues  were  obta ined us ing 
i s en t rop i c  flow r e l a t i o n s  with the m e a s u r e d  s ta t i c  p r e s s u r e  and the to t a l  
p r e s s u r e  downs t r eam of a n o r m a l  shock (denoted n o r m a l  sh6ck) o r  the  
to ta l  p r e s s u r e  downs t ream of an oblique shock whose angle was d e t e r -  
mined  by tangent  cone t h e o r y  appl ied  loca l ly  (denoted tangent  cone) .  At 
al l  t h r e e  angles  of a t tack  the b o u n d a r y - l a y e r - e d g e  1VIach n u m b e r s  fa l l  
be tween the ca lcu la ted  l im i t i ng  va lues ,  with a s l ight  t r e n d  toward  the 
tangent  cone l imi t  as angle of a t tack  i n c r e a s e s .  This  t r e n d  is expected  
s ince  the nose  flow, which is c h a r a c t e r i z e d  by n o r m a l  shock  ca lcu la t ions ,  
becomes  l e s s  dominant  as angle of a t t ack  i n c r e a s e s .  

J 

C o m p a r i s o n s  of b o u n d a r y - l a y e r - e d g e  Mach number s  and t h i c k n e s s e s  
fo r  the two Reynolds  number s  at which data were  obta ined showed only 
m i n o r  d i f fe rences  and a re  not p r e s e n t e d .  A d i scuss ion  of sca l ing  the 
p r e s e n t  data with r e s p e c t  to Reynolds  n u m b e r  is given in Ref.  2. 

A c o m p a r i s o n  of c en t e r l i ne  b o u n d a r y - l a y e r - e d g e  1VIach number s  fo r  
the 139 and 140B conf igura t ions  is  shown in F ig .  21. T h e r e  is c lose  
a g r e e m e n t  except  in the expans ion  r eg ion  (X/L g r e a t e r  than  0 .8 ) .  

Spanwise b o u n d a r y - l a y e r - e d g e  ~'VIach number s  f r o m  the 140B conf ig-  
u r a t i on  at an X / L  value of 0 .8  a r e  c o m p a r e d  with ca l cu la t ed  va lues  in 
F ig .  22. The values  r i s e  with i n c r e a s i n g  spanwise  d is tance  unt i l  good 
a g r e e m e n t  with tangent  cone ca lcu la t ions  is obtained at 2Y/B of 0 . 6 .  
Again,  this  is expected  s ince  the ou te r  por t ion  of the wing is e s s e n t i a l l y  
f r e e  f r o m  nose  b lun tness  e f fec t s .  
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A s u m m a r y  of b o u n d a r y - l a y e r - e d g e  Mach n u m b e r s  on the 140B 
wing is shown in F ig .  23 along with tangent  wedge and tangent  cone 
ca lcu la t ions  for  2Y/B of 0 .6 .  Except  for  the expans ion  r eg ion  
(X-W/C > 0.6) the va lues  a r e  g e n e r a l l y  in good a g r e e m e n t  with tangent  
cone ca l cu l a t i ons .  

5.0 CONCLUSIONS 

Pitot  p r e s s u r e  and t o t a l - t e m p e r a t u r e  p ro f i l e s  were  m e a s u r e d  in 
the windward su r f ace  shock l a y e r  of two 0. 175-sca le  Space Shuttle 
Orb i t e r  m o d e l s .  Surface s ta t i c  p r e s s u r e  m e a s u r e m e n t s  were  a lso 
made .  B o u n d a r y - l a y e r - e d g e  condi t ions  were  then de r ived  f r o m  t h e s e  
m e a s u r e m e n t s .  Two d i s t inc t ly  d i f ferent  flow f ie lds  were  found with 
the fol lowing c h a r a c t e r i s t i c s :  

Fuse l age  (0 ~ 2Y/B < 0.4) 

1. Smooth pitot p r e s s u r e  p ro f i l e s  f r o m  the shock to the  
model  su r face  and 

2. B o u n d a r y - l a y e r - e d g e  Mach n u m b e r s  that  fa l l  a p p r o x i m a t e l y  
midway between n o r m a l  shock and tangent  cone ca l cu l a t i ons .  

Wing (0.6 ~ 2Y/B < 1) 

1. I r r e g u l a r  pitot p r e s s u r e  p ro f i l e s  ind ica t ing  a complex  
flow f ie ld  and 

2. B o u n d a r y - l a y e r - e d g e  Mach n u m b e r s  that  ag ree  with tangent  
cone ca l cu l a t i ons .  
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Figure 1. Rockwell International 139 Shuttle Orbiter configuration. 
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Figure 6. OH52 probe support. 
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Figure 8. Spanwise surface static pressure distribution at 
an X/L value of 0.8. 
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Figure 9. Wing surface static pressure distributions. 
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Figure 10. Typical centerline pitot pressure profile. 
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Figure 11. Typical centerline total-temperature distribution. 
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Figure 12. Detailed pitot pressure distribution. 
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Figure 15. • Centerline boundary-layer thickness distributions for the 139 configuration. 
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Figure 16. Comparison of boundary-layer thicknesses 
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Figure 17. Spanwise boundary-layer thickness distribution at an X/L value of 0.8. 

35 



t.O 
O~ 

1 3 9  C o n f i g u r a t i o n  

M = 7 . 9  

1 . 0  x 1 0  6 RO,,L 

I n  terac tion 

i 

0.2 

0.4 

2V/B 

0.6 

0 . 8  

1 . O  

) ,  
m 
cJ 
c) 

::o 

0"1 

Figure 18. Oil flow photograph. 



AEDC-TR-75-5 

U 
O 0  

L 

T y p i c a l  
S t e a m l t n e  

E n t e r s  
Bounda ry  L a y e r  

C r o s s e s  Shock 

Shock Wave 

Boundary  Laye r  

Figure 19. Flow;field illustration. 

37 



AE DC-TR-75-5 
i 

M 
e 

4 

3 

2 

1 

0 

M = 7 . 9  
O 0  

R e  = 1 . 3  x 10 6 
0osL 

Sym 

m m m  

S 
/ 

/ 

C a l c u l a t i o n  Method 

T a n g e n t  Cone 
Normal  Shock  

/ 

0 
0 

0 0 0 
O O 

O 

f 

/ 
/ 

/ 

O 

O 

J 

0 

Figure 20. 

I I I I I 
0 . 2  0 . 4  0 . 6  0 . 8  1 . 0  

X/L 

e. a : 25 deg 
Centedine boundary-layer-edge Mach number distributions 
for the 139 configuration. 

38 



M 
e 

M .  
e 

. 

0 

2 - 

1 - 

O ,  

0 

M = 7 . 9  
~o 

Re = 1 . 3  x 1 0  6 
~o,L 

m 

Sy.__~.m 

I I m  

B 

/ 

- O 

O 

AE DC-TR-75-5 

f 

C a l c u l a t i o n  Method  

T a n g e n t  Cone 
Normal  Shock  

. #  

0 0 
0 8 o o 

J 
J 

0 

0 

J 

[ I . . . .  I .  I 

b. c~ = 30  deg 

/ 

~ , ~  m ' l ~ ' m  R m m u m w  ~ m , ~  ~ m ~  

0 0 0 
0 

0 
0 

0 

f 

f 

0 

0 

I I I 
0 . 2 '  0 . 4  0 . 6  

X./L 

c. ~ = 35 .deg 
Figure.20.  Concluded; 

I 
0 . 8  

I 
1 . 0  

39 



AEDC-TR-75-5 

4 

3 

M 
e 2 

M =7.9 
CO 

Re = 1 . 3  x 106 co,L 
u = 30 d e e  

F a i r i n g  o f  139 C o n f i g u r a t i o n  
D a t a  ( F i g .  2 0 b )  

0 I I i i I 
0 0 . 2  0 . 4  0 . 6  0 . 8  1 .0  

X/L 

Figure 21. Comparison of 139 and 140B configuration centerline 
boundary-layer-edge Mach number distributions. 
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Figure 22. Spanwise boundary-layer~dge Mach number distribution 
at an X/L value of 0.8. 
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P r e s s u r e  
O r i f i c e  

No, 

Table 1. 139 Configuration Pressure Orifice and Thermocouple 
Gage Locations 

X/L 2Y/B X W / C  

1 0 .1  

2 0 . 2  

3 0 .3  

4 0 . 4  

5 0 .5  

6 0 .6  

7 0 .7  

8 0 . 8  

9 0 .9  

10 1 .0  

0 

P r e s s u r e  
O r i f i c e  

No,  

I i  

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

X / L  2 Y / B  

O. 4 O. 107 

O. 5 O. 107 

0 .6  0. 107 

0 . 5  0 .25  

0 .6  0 .25  

0 .8  0 .25  

0 .8  0 .40  

0. 848 0.6O 

0. 842 0. 75 

0. 928 0 .75  

0. 857 0 .85  

xw/C 

0. 559 

0..60 

0 .50  

0 .90  

0 .50  

T h e r m o c o u p l e  

No.___~. X /...__~L _ 2 Y I__._.~B 

A 0 .15  0 

B 0 ,55  0 

C 0 .95  0 
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Table 2. 
Gage Locations 

P r e s s u r e  
O r i f i c e  

No. 

140B Configuration Pressure Orifice and Thermocouple 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

X/L 2Y/B  X.W/C 

1 0 

2 

3 

4 

5 

6 

7 

8 

9 

0 

4 0. 107 

5 0. 107 

6 0. 107 

. 

O. 

O. 

O. 

O. 

O. 

O. 

O. 

O. 

1. 

O. 

O. 

O. 

P r e s s u r e  
O r i f i c e  

No.  _ X ] L  2rIB X W / C  
= • i =  m 

m 

14 0.5 0.25 --- 

15 0.6 0.25 --- 

16 0.8 0.25 --- 

17 0.8 0.4 0 .556  

18 0 .847  0 .6  0 .599  

19 0 .842  0 .75  0 . 4 9 8  

20 0 .928  0 .75  0 . 9 0 0  

21 0 .857  0 .85  0 . 4 9 7  

22 0 .7  0 . 2 5  - - -  

23 0 .750  0 .6  0 .246  

24 0 .8  0 .6  0 .426  

25 0 .928  0 . 6  0 . 8 8 9  

26 0 . 8  0 .75  0 . 2 9 9  

T h e r m o c o u p l e  

No.__:.. XJ...~L 

A 0 .15  

B 0 .55  

C O. 95 

D 0 .88  

E 0.88 

2Y/B x w / c  
_ _ _  

0 .75  0 .699  

0 .25  - - -  

No. 

F 

G 

H 

I 

J 

T h e r m o c o u p l e  

X / L  2 Y / B  X W / C  

0 .~0  0 .777  

0 . 6 0  0 . 7 3 4  

0 . 8 5  0 .662  

0.55 0.25 --- 

0 .70  0 . 4 0  0 .299  
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Table 3. Test Summary 

OH9 T e s t  P h a s e  (139 Conf igura t ion)  

Su rvey  Sta t ion 
lV~ Po, p s i a .  O r i f i c e  No. 

7 .92 150 1 

1 

1 

2-10 

1 
7 .95  250 2- 10 

7 .95  250 * 

15.5  

25 

30 

15.5 

25 

30 

35 

15.5 

25 

30 

35 

3O 

30 

AE DC-TR-75-5 

deg~ 

OH5 Test Phase (140B Configuration) 

Survey Station 
M_ Po, p s i a .  O r i f i c e  No. 

7'. 92' 150 4-26 

21-26 

[ 
*Sur face  p r e s s u r e  da ta  (all o r i f i c e s )  

~, deg 

30 

35 

15 

25 

30 

35 
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Table 4. Boundary-Layer-Edge Condit ions - 139 Conf igurat ion 

3~ 
rn 
o 
:4 
30 

,m 
01 

4u 

Remlft  
x 10 .6 

0.7 

1.1 

a, de 8 

30.0 

25.0 

1 
15.5 

1 
35.0 

1 
30.0 

l 

X/L 6, in..__..~, pp/p~ Pm/P~ Pm/PP M e Te/Tm ae/a"° uef U,,o Pe~/Pm P~/P,,o_ Ree/Re~, 

0.6o 0.076 2.881 0 . 3 , 0  0.1302 2.355 6.422 2.5342 0 .7 ,~5 3.921 5 . ,4o  0.8431 

0.40 0.063 1.830 0.295 0.1612 2.11 7.1652 2.6768 0.713~ 3.344 5.960 0.4001 
0.30 0.068 1 . 6 5 s  0.290 0 .17 ,9  2.015 7.475 2.7841 0.6956 3.151 6 .1 ,5  0.3554 
0.20 0.056 1.536 0.287 0.1868 1.94 7.728 2.7799 0.6809 3.016 6.241 0.3291 

0.10 0.040 1.421 0.375 0.2638 1.595 8.977 2.996 0.6034 3.393 6.950 0.2945 
0 • 60 O. 076 2.333 0.310 O. 1329 2.34 6.465 2. 543 O. 7512 3.895 5.493" 0.5326 
O, 50 O. 084 1. 848 0.225 O. 12175 2.45 6.155 2.481 O. 7675 2. 969 5.298 O. 4301 
0.40 0.069 1.704 0.215 0.1262 2.405 6.280 2.506 0.7610 2.781 5.385 0.3930 
0 • 30 0.074 1 • 511 0 • 205 0.1357 2.31 6.552 2.560 0.7466 2.541 5. 568 O. 3407 
O. 20 O. 066 1.405 O. 215 O. 1550 2.17 6.975 2.641 O. 7236 2.503 5.835 O. 3104 
0.10 0.042 1.314 0.285 0.2169 1.79 8.255 2.873 0.6494 2.804 6.581 0.2767 
0.30 0.104 0.887 0.0525 0.0930 2.325 5.217 2.284 0.8148 1.234 4.684 0.2234 
0.20 0.002 0.922 0.120 0.1301 2.37 6.379 2.526 0.7558 1.528 5.451 0.2119 
0.10 0.056 1 • 010 O. 150 O. 1485 2.20 6.883 2. 624 O. 7288 1.770 5.758 O. 2240 
0.70 0.076 2.521 0.388 0.1559 2.16 7.007 2.647 .0.7219 4.498 5.333 0.5567 
0.60 0.074 2.388 0.399 0.1671 2.07 7.294 2.701 0.705.9 4.443 6.036 0.5222 
O. 50 0.066 2.188 O. 390 0.1782 1.99 7.559 2.749 O. ~ 4.191 6.160 O. 4699 
0.40 0.061 1.965 0.385 0.1959 1.89 7.901 2.811 0.6708 3.958 6.359 0.4174 
0.30 0.058 1.749 0.379 0.2167 1.79 8.255 2.8;/3 0.6493 3.729 6.558 0.5692 
0.20 0.055 1.570 0.373 0.2345 1.71 8.547 2.923 0.6312 3.545 6.720 0.3329 
0.50 O. 068 2.148 O. 305 0.1420 2.26 6 • 701 2.588 O. 7386 3.697 5.648 O. 4835 
0.40 0.051 1.775 0.295 0.1662 2.07 7.345 2.710 0.7057 3.287 6.033 0.3845 
0.50 0.055 2.008 0.305 0.1519 2.18 6.993 2.645 0.7251 3.969 5.336 0.4455 
0.30 0.043 1.613 0.293 0.1816 1.97 7.680 2.771 0.6867 3.122 6.256 0.3427 



. , j  

Table 4. Concluded 

Reeo / ft 

x 10 -6 a, d.e 8 X/L 

0.7 

1, 

6, in. pp/p~ pm/p~ Pm/PP M,, TJ"r. ,../,,. u~/,. po/p. ~./, .  ~ , / x e  

30.0" 0~60 0.069 2.187 0.310 0.1417 2.26 6.701 2.588 0.7386 3.7579 5.661 0.4904 
1.00 0.143 2.041 0.205 0.1004 2.71 5.487 2.342 0.8015 3.0349 4.872 . 0.4993 
0.go 0.109 2.221 0.270 0.1216 2.45 6.155 2.481 0.7675 3.5628 5.313 0.5146 
0.80 0.091 2.383 0.319 0.1339 2.33 6.494 2.548 0.7497 3.9899 5.527 0.5412 
0.70 0.077 2.197 0.300 0.1365 2.305 6.567 2.563 0.7458 3.7106 5.572 0.4967 

35.0 1.08 0.132 2.285 0.280 0.1225 2.44 6.183 2.486 0.7661 3.6782 5.326 0.5291 
0.90 0.104 2.432 0.350 0.1439 2.24 6.761 2.600 0.7354 4.2050 5.687 0.5438 
0.80 0.079 2.461 0.405 0.1646 2.08 7.262 2.695 0.7077 4.3301 5.990 0.5352 

25.0 1.00 0.172 1.797 0.150 0.0835 2.99 4.858 2.204 0.3321 2. 501P8 4.425 0.4716 
0.90 0.134 2.017 0.200 0.0992 2.73 5.439 2.332 0.8039 2.9870 4.836 0.4966 

, 0.80 0.108 2.199 0.237 0.1078 2.61 5.734 2.395 0.7891 3.3574 5.036 0.5260 
0.70 0.088 1.933 0.217 0.1123 2.56 5.862 2.421 0.7826 3.0068 5.124 0.4,592 
0.60 0.077 1.758 0.227 0.1291 2.37 6.379 2.526 0.7558 2.8904 5.459 0.4002 

15.5 1.03 0.283 1.023 0.107 0.1046 2.66 5.608 2.368 0 .7"954  1.5496 4.950 0.249 
0.90 0.222 1.210 0.106 0.0883 2.90 5.050 2.247 0.8229 1.7048 4.561 0.308 
0.80 0.181 1.358 0.103 0.0758 3.14 4.558 2.135 0.8464 1.8356 4.202 0.369 
0.70 0.143 1.206 0.096 0.0796 3.06 4.715 2.171 0.3389 1.6537 4.315 0.322 
0.60 0.141 1.114 0.0915 0.0821 3.01 4.817 2.195 0.8341 1.5429 4.389 0.293 
0.50 0.124 1.009 0.088 0.0872 2.92 5.007 2.338 0.825 1.4276 4.528 0.260 
0.40 0.102 1.229 Bad 
0.30 0.104 0.820 0.0825 0.1006 2.71 5.486 2.342 0.8015 1.2214 4.869 0.201 
0.20 0.085 0.864 0.120 0.1389 2.29 6 • 611 2. 571 0.7434 1.4743 5 • 608 0.1954 

30.0 0.60 0.065 2.115 0.320 0.1513 2.18 6.993 2.644 0.7251 3.745 5.848 0.4643 
1.00 0.131 2.021 0.205 0.1014 2.70 5.549 2.356 0.8000 3.023 4.913 0.4922 
0.80 0.077 2.390 0.319 0.1335 2.33 6 • 540 2. 557 0.7495 3.992 5. 557 0.5354 
0.70 0.070 2.226 0.303 0.1361 2.31 6.598 2.569 0.7464 3.758 5.600 0.5009 
O.gO 0.103 2.153 0.265 0.1231 2.435 6.240 2.498 0.7651 3.475 5.385 0.4938 m 
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Table 5. Boundary-Layer-Edge Conditions - 140B Configuration 

Rew/f t  a, 
x 10 .6  d q  X/L 

0.7 30 0.4 
I 0.5 

0.6 
0.7 
0.8 
0.9 
1.0 
0.4 
0.5 
0.6 
0.5 

Yt 6, 
in. in. PP/Po 

0 0.063 1.899 
0 0.076 2.038 
0 0.083 2.213 
0 0.097 2.464 
0 0.112 2.441 
0 O. 114 2.150 
0 0.148 1.915 

0.88 O. 059 1 • 830 
0.072 1.847 
0.067 2.133 

2.05 0.064 2.25 
0.6 | 0.075 2.415 
0.7 ~ 0.107 2.50 
0.8 0.098 2.542 
0.8 3.28 0.076 2.920 
0.75 4.92 0.030 4.264 

0.8 O.037 3.949 
0.85 0.044 3.757 
0.93 0.058 2.35 
0.8 6.15 0.031 4.185 
0.34 | 0.036 3.72 
0.93 ~ 0.058 2.465 
0.86 6.97 0.036 3.841 

35 0.86 6.97 0.032 3.97 
O. 93 6..15 O. 053 2. 617 
0.34 ~ 0.036 3.628 
0.80 0.031 3.936 
0.93 4.92 0.059 2.487 

Pm/P~ Pm/PP M e Te /T  m 

0.3042 0.1602 2. 115 7. 1492 
0.3075 O. 1509 2.185 6.9291 
0.3160 0.1428 2.25 6.73 
0.3156 0.1281 2.385 6.3365 
O. 3059 0.1253 2.41 6.266 
0.2155 O. 1002 2.715 5.4745 
O. 1743 0.0910 2.86 5.1387 
0.3041 0.1662 2.07 7.294 
0.3100 0.1678 2.06 7.3268 
0.3167 0.1485 2.20 6.883 
O. 317 6 0.1427 2.25 6. 7306 
0.3438 0.1424 2.25 6.7306 
0.3068 0.1227 2.44 6.183 
0.3000 0.1180 2.49 6.0469 
0.3071 0.1052 2.65 5.6333 

ae/a~ Ue/% P e / P ®  Pe /~  

2.6738 0.71403 3.456 5.91 0.41756 
2.632 0.7263 
2.594 0.737 
2.517 0.758 
2.503 0.7617 
2.339 O. 8O2 
2.267 0.8186 
2.701 0.7059 
2.7068 0.7040 
2. 6235 O. 7287 
2. 594 O. 737 
2. 594 O. 737 
2.4866 0.7661 
2.459 0.7731 
2.3735 O. 794 

3. 505 5.77 O. 4534 
3. 813 5. 657 0.4968 
4. 0455 5. 4165 O. 5662 
3. 965 5. 366 O. 563 
3.197 4. 8465 0. 529 
2.755 4. 6130 O. 4889 
3.386 5.9905 O. 399 
3.4367 6.0096 0.4026 
3.7375 5.747 O. 474 
3. 833 5. 6574 O. 4993 
4.149 5. 6574 O. 5405 
4. 0304 5 • 316 O. 5808 
4. 0297 5. 2285 O. 5959 
4. 428 4. 956 O. 7095 

0.3691 

0.3597 
0.3343 
O. 1817 
O.q04 
0.3781 
O. 1971 
0.3960 
0.4791 
0.2490 
0.4635 
0.4981 
O.2299 

0.08656 2.93 4.9854 2.2328 0.826 6.0136 4.5088 1.1017 

0.0911 2.85 5.1611 2.2718 0.8175 5.661 4.6306 0.9994 
O. 08898 2.89 S. 0723 2.2522 O. 8218 5.3533 4.5684 O. 963 
0.7732 3.11 4. 616 2.1485 O. 8437  3.1973 4. 2405 O. 6361 
0.09653 2.77 5.3442 2.3117 0.8085 " 6.14 4.7608 1.0428 
O. 10164 2.70 5. 5107 2. 3475 O. 8003 5. 5731 4. 8757 O. 9147 
0.07996 3.06 4.7151 2.1714 0.839 3.3953 4.3176 0.6598 
0.1031 2.63 5.5594 2.3578 0.7978 5.7858 4.9121 0,9397 
0.12068 2.46 6.1282 2.4755 0.7689 6.3502 5.2876 0.9234 
0.09515 2.79 5.2977 2.2017 0.8108 3.7564 4.733 0.6435 
O. 12776 2.39 6. 3224 2. 5144 O. 7588 5. 9547 5 • 4104 O. 8351 
0.12655 2.40 6.2943 2.5088 0.7603 6.4278 5.3879 0. 9067 
0.09244 2.83 5.206 2.2817 0.8153 3.5869 4.6631 0.6271 
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AE DC-T R-75-5 

APPENDIX A 
DATA REDUCTION EQUATIONS 

P 

The following equations were used to compute the boundary- l aye r -  
edge conditions which are given in Tables 4 and 5. 

PARA METER EQUATION 

PP/Po 
PP/Pm PP/Pm = pm/p ~ 

Me 

Te/T= 

ae/a=D 

From Table If0 Ref. 8 using PP/Pm 

[ 
Te/T ® = I + 2 + 2 

ae/a = = (Te/T®) 1/2 

u /u= e 

Pe/ P= 

Ue/U = = (Me/M = ) (ae/a=) 

1 v__ 

pe/p® [P----~-ml [ (7+1)  --'V'~217"1 ~ 7 + 1  .]7-/~.Te~ 
LPo J 2 -y M=  2 - ( ' , / -  1)J / \T-'~=/ 

~e/~® 
2.27 x 10 -8 T 3/2 lb sec 

T + 198.6 ft 2 
(for T > 200°R) 

- 10 lb sec /~ = 8 . 0 5 1  x 10 T ,  
ft 2 

(for T < 200°R) 

Ree/Re ~" Ree/Re = = (pe/p=) (Ue/U=) / (pe//~®) 
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AE DC-TR-75-§ 

NOMENCLATURE 

a 

B 

C 

Cp 

d 

L 

M 

P 

Pm 

Po 

pg 

PP 

q® 

Re 

Re/ f t  

T 

T 
O 

TT 

U 

X 

Speed of sound, f t / s e c  

Model total  span,  16.40 in.  

Local  wing chord  

P r e s s u r e  coeff ic ient ,  (Pro " P®)/q® 

Probe  t ip d i ame te r ,  in.  

Model r e f e r e n c e  length,  22.58 in.  (139) o r  22.63 in.  (140B) 

Mach n u m b e r  

Static p r e s s u r e ,  ps ia  

Model su r f ace  s ta t ic  p r e s s u r e ,  p s i a  

Tunnel  s t i l l ing  c h a m b e r  p r e s s u r e ,  ps ia  

F r e e - s t r e a m  pitot p r e s s u r e ,  p s i a  

Survey pitot p r e s s u r e ,  ps ia  

F r e e - s t r e a m  dynamic  p r e s s u r e ,  p s i a  

Reynolds  n u m b e r  

-1 Unit Reynolds  number ,  ft 
t 

Static t e m p e r a t u r e ,  °R 

Tunnel  s t i l l ing  c h a m b e r  t e m p e r a t u r e ,  °R 

Survey total  t e m p e r a t u r e ,  °R 

Veloci ty ,  f t / s e c  

Axial  d is tance  f r o m  the nose,  in.  

5 0  



A E DC-T R-7 5-5 

XW 

Y 

Zp 

8 

¢ 

P 

Axia l  d is tance  f r o m  the wing leading edge,  in.  

L a t e r a l  d is tance  f r o m  the model  center l ineo in. 

P robe  height  above model  s u r f a c e  along the su rvey  probe 
dr ive  axis ,  in. 

Model angle of a t tack ,  deg 

B o u n d a r y - l a y e r  th i ckness ,  in. 

Loca l  body deflect ion angle with r e s p e c t  to the X-Y plane,  deg 

Ratio of speci f ic  hea ts  (1.40 fo r  a i r )  

V ~ c o s i t y ,  l b - s e c / f t  2 

Densi ty ,  s lug / f t  3 

SUBSCRIPTS 

e 

L 

m a x  

1 

B o u n d a r y - l a y e r - e d g e  condition 

Based  on model  r e f e r e n c e  length 

Maximum value 

F r e e - s t r e a m  condit ion 

P robe  1 

P robe  2 
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